Predicting the magnitude of enemy release in host-pathogen systems after introduction of novel disease resistance genes has become a central problem in ecology. Here, we develop a general quantitative framework for predicting changes in realized niche size and intrinsic population growth rate after introgression of disease resistance genes into wild host populations. We then apply this framework to a model host-pathogen system targeted by genetically modified and conventionally bred disease-resistant host lines (Trifolium repens lines expressing resistance to Clover yellow vein potyvirus) and show that, under a range of ecologically realistic conditions, the introduction of novel pathogen resistance genes into host populations can pose a quantifiable risk to associated nontarget native plant communities. In the host-pathogen system studied, we predict that pathogen release could result in an increase in the intrinsic rate of population growth of up to 15% and the expansion of host populations into some marginal environments. This approach has general applicability to the ecological risk assessment of all novel disease-resistant plant genotypes that target coevolutionary host-pathogen systems for improvement of agricultural productivity.
U
ntil relatively recently, it was thought that diseases were of little importance in most natural plant communities (1, 2) , but now it is known that diseases can influence the genetic structure of host populations, the dynamics of host metapopulations, and even the physiognomic and floristic structure of entire natural plant assemblages (1, (3) (4) (5) . Recent evidence also suggests that release from pathogen attack is at least partly responsible for the success of many invasive species worldwide (the enemy release hypothesis) (6, 7) , and indeed several biological control programs owe their success to the suppressive effects of pathogens in weedy host populations (8) . For these reasons, it has been suggested that novel pathogen-resistant plants may pose a major risk to the environment, because genes coding for pathogen resistance could result in population expansion and increased invasiveness of either the resistant plant itself or of sexually compatible nontarget species (9, 10) . Certainly, the literature is replete with examples of crop protection by means of the introduction of disease resistance genes (11) , but is this situation likely in natural systems, and under what conditions could it occur?
Although it is clear that newly introduced pathogens can have devastating impacts on naïve host populations (1) , surprisingly little information is available about the role of pathogens in shaping the demography of long-term coevolved host-pathogen systems, although effects are likely to be highly variable (1, 2) . Moreover, detailed experimental case studies are few, particularly for understudied but numerically important pathogen groups such as viruses (9) . Because a number of plant species being targeted for genetic modification for pathogen resistance (12, 13) are also significant components of natural plant communities, this lack of information makes accurate prediction of enemy release in these systems extremely difficult. In this article, we develop a conceptual and experimental framework for evaluating host-pathogen interactions across the realized niche of the host plant and then assess its utility by experimentally quantifying the magnitude and pattern of host population changes expected in a model nonagricultural host-pathogen system after pathogen release.
Development of Host-Pathogen Enemy Release Model. The performance of a host plant species in the environment can be framed in terms of the intrinsic rate of population increase, , which may be defined as ϭ N(t ϩ 1)/N(t), where N is the host plant population size and t is time. Expanding populations are characterized by Ͼ 1, whereas for contracting populations, Ͻ 1. The impact of a pathogen on host performance in an environmentally heterogeneous system can be quantified by comparing of genetically identical infected ( Pϩ ) and pathogen-free ( PϪ ) host plant populations in suitable environments ( PϪ Ͼ 1) with those in unsuitable environments ( PϪ Ͻ 1) (Fig. 1A) , given that the growth rate of pathogen-free host populations reflects environmental quality. In this model, the relative performance of infected populations is determined by plotting Pϩ against PϪ and comparing the resulting relationship with the null model y ϭ x (Fig. 1 A) . If pathogen release results in a constant mean increase in irrespective of the value of Pϩ , three ecologically distinct situations are possible: (i) 1 Ͼ PϪ Ͼ Pϩ , and populations remain nonviable irrespective of pathogen release (Fig.  1B) ; (ii) PϪ Ͼ 1 Ͼ Pϩ , which leads to expansion of the realized niche (i.e., invasion of new habitats) (Fig. 1C) ; and (iii) PϪ Ͼ Pϩ Ͼ 1, where an increase in and size of the extant host population occurs (Fig. 1D) . Here, the best estimate of the impact of a pathogen on performance of its host (␦ Pϩ ) in a given habitat is ␦ Pϩ ϭ PϪ Ϫ Pϩ , with positive values indicating a reduction in associated with infection ( Fig. 1 A) .
Given the above situations, there are six general scenarios in which a pathogen may influence the population growth rate of its host ( Fig. 1 A and E-I) . First, pathogenicity may be invariant with respect to host performance, with PϪ and Pϩ lines being parallel (Fig. 1 A) . In this scenario, m PϪ ϭ m Pϩ , but b PϪ Ͼ b Pϩ , where m is the slope and b is the line intercept in the standard regression model y ϭ mx ϩ b. In the null model, m PϪ ϭ 1, and b PϪ ϭ 0. In the remaining scenarios, the impact of the pathogen depends on how the host-pathogen interaction is influenced by environmental quality. Pathogens may have a greater effect on in the most suitable environments (m Pϩ Ͻ m PϪ , and b Pϩ ϭ 0) (Fig. 1E) , in the most unfavorable environments (m Pϩ Ͼ m PϪ , and b Pϩ Ͻ 0) (Fig. 1F) , or even in intermediate environments in a nonlinear manner (Fig. 1G ). More complex situations could arise when pathogen-free populations perform better in some environments and worse in others ( Fig. 1 H and I) . This enemy release model therefore distinguishes among a range of hostpathogen scenarios on the basis of a small number of easily derived parameters.
Although there is little information available on the impact of environmental variation on host resistance or tolerance to pathogens in natural systems (14) , some theoretical and experimental evidence for scenario types II (15) and III (14) exists. There is also evidence of benefits to infection in some hostpathogen systems (types V and VI) (16) . In fact, these more complex interactions may occur frequently in nature. The endophytic fungi that infect many different grass hosts can decrease host reproductive success and alter plant growth but may confer benefits (e.g., drought tolerance, protection against herbivory), the magnitude of which will partly depend on community structure (17) , thus generating a mosaic of positive and negative interactions. Similarly, interactions between plants and soil symbionts (e.g., mycorrhizal fungi, rhizobia) vary from mutualism to parasitism (18) . Theoretical predictions (19) also suggest that evolutionary shifts between mutualism and parasitism as a function of environmental quality and host performance scenarios may be a general phenomenon.
Application of Enemy Release Model to a Model Host-Pathogen
System. To illustrate the utility of this framework for risk assessment, a 3-year study was conducted to assess the risk posed by transgenic and conventionally bred Trifolium repens L. lines expressing resistance to Clover yellow vein potyvirus (ClYVV) to a range of native nontarget grassland and woodland communities in southeastern Australia. T. repens (white clover) is a nitrogen-fixing forb native to the Mediterranean region of Europe that has now become the most economically important perennial pasture legume in temperate environments worldwide (20) . In southern Australia, T. repens is grown over Ϸ15 million ha of grazing land (21) where annual precipitation exceeds 750 mm/year and crucially underpins the dairy, meat, and wool industries of this region. T. repens reproduces both clonally by stolon fragmentation and by seed; generation of the latter is determined by a well defined gametophytic self-incompatibility complex (22) . ClYVV is a single-stranded RNA virus that infects a wide variety of host species, including T. repens. It is transmitted by aphids (e.g., Myzus persicae and Acyrthosiphon pisum) in a nonpersistent manner (23) but is not transmitted by white clover seed. Because of its strong impact on host growth, stolon production, nodulation rate, and yield (24, 25) , ClYVV can have a multimillion-dollar economic impact on industries reliant on T. repens pastures for production (12) .
Over the past decade, several commercial genotypes of T. repens have been genetically modified for virus resistance and field tested (12) (13) 26) and, together with other lines expressing natural virus resistance, are intended for future agricultural release. However, T. repens is also a globally significant environmental weed, and in some high conservation value ecosystems in Australia, it has become an important invader of native plant communities (27, 28) . Because ClYVV is widely distributed in Australia both in agricultural and high-quality remnant montane ecosystems (27, 29) , one risk associated with release of virus-resistant lines is that wild populations in sensitive plant communities may acquire virus-resistance (trans)genes and expand in size (27) . Because commercial use of T. repens is conducted on a very broad scale in Australia (30), numerous native plant communities could be at risk (27) .
The strategy underpinning this study was to compare the performance of infected and virus-free genetically identical experimental T. repens populations across a range of ecologically threatened habitats varying in suitability for T. repens persistence and, based on application of our general enemy release model ( Fig. 1) , to determine the likely impact of pathogen release on the dynamics of wild T. repens populations. Accordingly, we selected invasive populations of T. repens from montane grassland and woodland communities in a representative study area in southeastern Australia (28) that are known to contain ClYVV (27) , and we used plants from these populations to develop two host-pathogen arrays (one woodland and one grassland) that contained both virus-free and ClYVV-infected clonal lines. Each host-pathogen clonal array consisted of clonal cuttings from 10 randomly selected T. repens plants inoculated with each of seven randomly selected ClYVV lines and a virus-free control, thus containing a total of 10 ClYVV-free and 70 ClYVVinfected T. repens clone lines (80 ClYVV-T. repens combinations total).
Replicated field studies using both ClYVV-free and ClYVVinfected transplanted clone lines were then performed in 11 woodland and 11 grassland sites (22 study sites total), with T. repens clones and ClYVV lines separately collected from woodland and grassland environments being used for experiments conducted in each of these communities. Each study site contained 12-80 ClYVV-T. repens combinations, including genetically identical ClYVV-free and ClYVV-infected clone lines, thus allowing for a controlled assessment of the partial effects of ClYVV on site-level T. repens population dynamics. Data on plant survival, vegetative fragmentation, and seed production were collected over a 2-year period from these experimental plants, while seedbank dynamics were determined by performing a series of supplementary seed burial/recovery experiments in each study site. These data were used to determine the intrinsic population growth rates () of all virus-free and ClYVV-infected experimental T. repens populations by using matrix-based population modeling of associated life cycle graphs (31) . The final data set consisted of estimates for two populations of T. repens (one infected and one virus-free) at each of 21 study sites (one site was destroyed by feral animals).
Results and Discussion
Population growth rate () estimates for all 42 infected and virus-free T. repens populations are shown in Fig. 2A . Two-way ANOVA on combined grassland and woodland data, with site and ClYVV presence/absence as blocking variables, showed that of virus-free T. repens populations [mean VϪ ϭ 0.97, 95% confidence interval (C.I.) ϭ 1.09, 0.84] significantly exceeded that of infected plants (mean Vϩ ϭ 0.83, 95% C.I. ϭ 0.95, 0.71) overall (F 1,20 ϭ 4.4, P ϭ 0.02), representing a shift in the system from one of stability ( Ϸ 1) to one of population decline. Similar reductions in occurred in both grasslands (18%) and woodlands (11%). This result demonstrates that ClYVV presence can significantly alter the growth rate of wild T. repens populations. VϪ was larger than Vϩ in 14 of 21 sites, and in four sites, ClYVV-free populations were stable or expanding ( VϪ ϭ 0.97-1.49), whereas infected populations were contracting rapidly ( Vϩ ϭ 0.45-0.75); three of these populations were grassland (two mesic, one dry), whereas one was in a dry woodland site (Fig. 2 A) . No sites were characterized by populations where Vϩ Ͼ 1 Ͼ VϪ , and so collectively the data indicate that ClYVV may be responsible for elimination of T. repens populations from 4/21 ϭ 19% of study sites when it is present in 100% of plants.
That Vϩ was positively correlated with VϪ (r ϭ 0.62, P Ͻ 0.05; Fig. 2B ) across all study sites indicates that environments most suitable for performance of ClYVV-free T. repens populations are also most favorable for infected populations; these populations occurred in a range of grassland and woodland communities (Fig. 2 A) . However, the slope of the relationship between Vϩ and VϪ was Ͻ1 (m ϭ 0.60, 95% C.I. ϭ 0.94, 0.26) (Fig. 2B) , which indicates that the impact of ClYVV on T. repens populations is largest in sites where virus-free plants perform best. The associated regression equation also suggests that at very low values of VϪ , virus presence may increase (Fig. 2B) ; but because the condition Vϩ Ͼ 1 Ͼ VϪ does not occur, the T. repens-ClYVV system appears to conform to a type II scenario (Fig. 1E) . Clearly then, if wild T. repens populations were to be released from the effects of ClYVV, population growth and expansion of the realized niche would both be possible.
Given that the data presented in Fig. 2 A and B are based on experimental T. repens populations that are characterized by a mean ClYVV prevalence of 100%, it is important to predict the magnitude of these changes in more typical wild populations. We have shown (27) that ClYVV prevalence in wild T. repens populations in similar plant communities in Australia ranges from 0% to 60%, with a mean of Ϸ20%. Experimentally, the suppressive effect of ClYVV on where ClYVV prevalence is 100% is 11-18% (␦ Vϩ(100%) ; mean 15%). If we assume that the Impact of ClYVV on intrinsic rate of population growth () of T. repens, based on experimental data. (A) of virus-free (blue shading) and virus-infected (red shading) populations of T. repens grown in 10 grassland (blue circles and red diamonds, respectively) and 11 woodland (blue squares and red triangles, respectively) sites ranked according to of virusfree populations ( VϪ). Solid blue bars indicate differences where of virusfree populations was greater; red bars indicate differences where of infected populations was greater. SSg, data from single-site grassland study; SSw, data from single-site woodland study, each containing 80 T. repens-ClYVV combinations. All other data are based on multiple-site studies ( impact of ClYVV on of a given T. repens population is directly proportional to virus prevalence, then for a population in which mean prevalence is 20%, the mean effect of ClYVV on is ␦ Vϩ(20%) ϭ 0.2 ϫ ␦ Vϩ(100%) ϭ 3%. Thus, it follows that if all plants were released from pathogenic effects, then the mean population growth rate would increase by Ϸ2% in woodlands and Ϸ4% in grasslands. Fig. 2C shows the predicted impact of ClYVV on wild T. repens populations growing in a range of environments with a virus prevalence of 20%. Because it is a type II scenario, the magnitude of enemy release depends on habitat suitability, with values increasing by up to 5% in the most favorable environments. Niche expansion (␦ Pϩ , Fig. 1 A) represents 3% of the experimental range in VϪ values (1.7-0.6) observed in the study area (Fig. 2C) . Using the same rationale, maximal observed values of ClYVV prevalence in wild T. repens populations of 60% (21) and a predicted value ␦ Vϩ(100%) of 26% in the most favorable environments (i.e., where VϪ ϭ 1.7; Fig.  2B ) indicate that the upper limits for site-level increases in and ␦ Pϩ are 15% and 14%, respectively. The greatest increases are likely to occur in favorable grassland or woodland environments where population growth rates are high and where a majority of plants are infected with ClYVV.
These are probably worst-case estimates, because several factors in this system are likely to reduce the frequency of introgression and release of host populations from the effects of ClYVV. These factors include the variable level of resistance and/or tolerance to ClYVV exhibited by T. repens [supporting information (SI) Fig. 3 ], the largely clonal nature of many wild T. repens populations (32), the possibility of coimmigration of disadvantageous alleles from less persistent commercial lines of T. repens (30) from which pathogen-resistance transgenes are likely to be sourced, potential compensation for poor performance of infected plants by pathogen-free plants, pleiotropic effects of transgene insertion, and the possibility that introgression of genes coding for virus resistance will drive selection of more virulent strains of ClYVV. It is also possible that demographic data collected over a longer time frame could reveal conditions in which ClYVV has a different impact on host plants.
Nevertheless, there appears to be a significant fitness cost associated with ClYVV infection; wild and cultivar populations of ClYVV are interfertile (the same species), and performance of wild-cultivar F 1 hybrids has been shown to sometimes exceed that of some parental cultivars under grazed conditions (33) , so long-term introgression of virus-resistance transgenes into wild populations of T. repens must be considered probable (34) . If such introgression occurs, and ecological release results, then a small expansion of recipient populations in more suitable environments and niche expansion in a small subset of marginal habitats is likely. Given the number of communities invaded by T. repens (27) and the large commercial scale at which it is grown, we cannot rule out the possibility of ecological damage occurring in some situations. We know of no other case in which increased invasiveness and niche breadth of a weedy plant in endangered natural plant communities, introduced by means of resistance gene-mediated pathogen release, has been experimentally demonstrated to be an ecologically realistic scenario.
In the host-pathogen system investigated here, pathogenicity was much lower than that observed in many heavily cited cases where novel pathogens have devastated new host populations (3). Nonetheless, the data reported support the conclusion that plant pathogens can significantly reduce the fitness and growth rate of nonagricultural host populations and that novel pathogen-resistance genes that target these systems may pose a quantifiable risk to nontarget ecosystems. These data thus provide further evidence of the potential for variation in host resistance to influence patterns of disease incidence and prevalence and underscore the need for studies that explicitly link life history, epidemiology, and genetics in natural systems (35) .
Here, we have presented a general framework for assessing environmental risks associated with host-pathogen interactions, which uses plant performance as an indicator of environmental quality. Rigorous evaluation of plant performance and pathogen behavior requires consideration of a range of biophysical variables (e.g., community structure, vector abundance, disturbance regimes, soil moisture, and nutrient levels), the relative importance of which may vary for different systems. Thus, from both applied and theoretical perspectives, the results presented emphasize the importance of embedding studies of host-pathogen interactions within a community ecology context.
Methods

Establishment of Study Area and T. repens-ClYVV Treatment Arrays.
All experimental trials were conducted by using a series of T. repens and ClYVV lines that were collected from a 9-km 2 study area located at Grassy Creek (lat 36°52ЈS, long 148°57ЈE) in southern Namadgi National Park, Australian Capital Territory, Australia. The study area contains endangered natural temperate grassland communities that have been invaded by extensive wild populations of T. repens infected with ClYVV (27, 28) . The vegetation at the study site consists of frost hollows that are dominated by tussock grasses (Poa spp.) grading into a Eucalyptus forest complex that occurs on shallower soils at higher elevations (28) . In August 2002, 100 T. repens stolons from different white clover plants were collected from each of two sites (one woodland and one grassland) in the Grassy Creek catchment. Stolons were established in a cold room and subsequently moved to a greenhouse for further growth. Leaf samples were removed from all plants and screened for the presence of a range of viruses and other pathogens by using indicator plant bioassays (27) and PCR of viral coat protein segments based on Bariana et al. (36) and Sasaya et al. (37) . Based on these data, seven white clover plants from both the woodland and grassland collection were identified as being infected with ClYVV (ClYVV ϩ ); 20 ClYVV Ϫ lines (10 woodland, 10 grassland) were also randomly selected from the pool of virus-free wild lines. Clones of each of the 10 ClYVV Ϫ lines from each vegetation community were inoculated with ClYVV inoculum from each of the 7 related ClYVV ϩ lines, and a virus-free control line was retained for all ClYVV Ϫ lines. This inoculation regime yielded two 8 ϫ 10 T. repens-ClYVV treatment arrays (SI Fig. 4 ). Positive infections were recorded for all combinations except ClYVV Ϫ controls.
Experimental Site Selection and Establishment. Four experiments were conducted in the study area: (i) two single-site (SS) studies that were conducted with 80 virus-clover treatment combinations from grassland and woodland collection series but in only one study site each (n ϭ two sites total); and (ii) two multiple-site (MS) studies that were conducted with 12 clover-virus treatment combinations but replicated over 10 sites in each of a range of grassland and woodland plant communities (n ϭ 20 sites total). These experiments were designed to capture maximal genetic and environmental variability, respectively. Individual sites used in all SS and MS studies were selected from a larger sample of 40 27-m 2 sites located across the Grassy Creek catchment (28) , with MS study sites selected to represent the full range of floristic variability in these vegetation types and SS study sites that were selected from near the center of associated community ordination diagrams. Cuttings from each T. repens-ClYVV combination were taken from parental source lines, established, and then randomly planted into each of the study sites in November 2003.
After seed collection in summer 2005, two experiments were used to determine seedbank dynamics of T. repens in all study sites: (i) a seed burial experiment, aimed at determining the rate of breakdown of seed dormancy under field conditions; (ii) a sownseed experiment, aimed at determining seed germination rates and survivorship at different times of year. In the seed burial experiment, plastic mesh packets containing 20-50 seeds collected from wild T. repens were lightly covered with litter in each of the 22 site locations described above. Over the course of 1 year packets were removed at 3-month intervals and seedbank dormancy and persistence were determined. In this experiment, seed from wild plants were used because experimental plants produced too few seed to enable accurate description of seedbank dynamics. However, seed viability and dormancy testing conducted by using seed collected from experimental plants in January 2005 showed that ClYVV Ϫ and ClYVV ϩ plants produced seed with similar dormancy (81% vs. 82%), viability (98% vs. 96%), and 1,000-seed weight (0.65 vs. 0.64 g). Dormancy and viability of seed collected from wild T. repens plants were also similar (86% and 96.9%, respectively). Packets containing 21-50 seeds collected from experimental ClYVV Ϫ and ClYVV ϩ plants that were buried alongside seed collected from wild plants in four sites also showed similar dormancy after 12 months (60% vs. 63%, respectively), which further indicates that the effects of ClYVV infection on parent plants have no impact on seed dormancy or viability or on seedbank dynamics. The sown-seed experiment was conducted by hand, with 25 seed from T. repens sown into two plots at each of 22 locations (n ϭ 44 plots) in grassland and woodland environments and then recording germination and seedling survival rates at monthly intervals over the following year. Stage-Class Population Analysis. Life cycle graphs were developed for ClYVV-infected and ClYVV-free populations of T. repens in all sites, except one where disturbance destroyed all experimental plants. The overall life cycle graph for T. repens (SI Fig. 5 ) was applied to seasonal data, resulting in spring, summer, autumn, and winter diagrams, each containing a subset of all population transitions. Mean transition probabilities were determined based on survival data collected between April 2004 and October 2005, and fecundity rates were determined based on f lower head and seed production data collected between November 2004 and April 2005. Seedbank dynamics, seedling emergence, and survival rates were determined based on data collected between April 2005 and March 2006. The intrinsic rate of population increase () was determined for ClYVV-infected and ClYVV-free populations in all 21 sites for which data were available (one site was destroyed by feral animals) by using temporal projection of a hypothetical starting population vector n(t) that contained 100 vegetative adults, with four seasonal projection matrices A 1-4 according to the equation n(t ϩ 1) ϭ A n n(t) (31) . The projection interval for each iteration was 3 months, such that 1 year of demographic changes is represented by n(t ϩ 4). The four seasonal projection matrices A 1-4 were determined based on the seasonal life cycle graphs shown in SI Fig. 5 . was determined by comparing numbers of vegetative adults at t ϩ 4 with numbers present at time t after stabilization of the stage-class vector. Final data consisted of values for ClYVV Ϫ and ClYVV ϩ populations at each of the 21 final study sites (total n ϭ 42). The overall impact of ClYVV on populationlevel was determined by performing two-way ANOVA with ClYVV presence/absence and site (n ϭ 21) as blocking variables. The relationship between Vϩ and VϪ was determined by using standard linear regression with VϪ and Vϩ as predictor and dependent variables, respectively. All methods pertaining to site selection, development of host-pathogen arrays, experimental protocols, and population modeling are described in greater detail in SI Text.
